Introduction
Evaluating intensity of amblyopia in preverbal children is a challenge, especially in cases with strabismus. Preferential looking techniques estimate visual acuity in children under 3 years, but reports indicate that, by using these procedures, strabismic amblyopia may be underestimated, because grating acuity is better than recognition acuity in strabismic amblyopes. [1] [2] [3] [4] [5] [6] [7] Improvement of detection and quantification of strabismic amblyopia has been attempted in several ways. For example, the characteristic deterioration of Vernier acuity (hyperacuity) in strabismic amblyopia 3, 4, [8] [9] [10] [11] [12] [13] has led to using detection of radial sinusoidal deformation of contours in preferential looking or forced choice procedures to improve the accuracy in estimation of strabismic amblyopia.
14, 15 We have tested the possibility of achieving this goal by a different route, that is, modifying some characteristics of the linear grating Teller Acuity Cards test usually argued as the cause of underestimating amblyopia. It is argued that uncorrected astigmatism and horizontal nystagmus can affect acuity for gratings of different orientations differentially. [16] [17] [18] To circumvent this limitation, we have used concentric gratings. Cortical neurons respond best to edges (light-dark boundaries) with selective orientation, 19 of which only one is stimulated by linear gratings, and in many higher-order cortical neurons, considered to be functionally altered in amblyopia, receptive fields are organized concentrically, and they respond better to circular-shaped gratings. 20 Another concern with Teller Acuity Cards is the large size of gratings, placed close to the subject, which might facilitate detection by the amblyopic eye, therefore impairing estimation of amblyopia, and that accuracy of estimation is moderate when half-octave step cards are used. 6 We have reduced the total size of gratings, and used 1/3 octave steps (log MAR progression), following Dobson procedure to determine visual acuity. 21, 22 In this study, interocular acuity difference obtained in children tested by this modified technique is compared with the classic Teller Acuity Cards vs two different tests: fixation preference testing and a recognition visual acuity test (Glasgow Acuity Cards). Fixation preference is a standard test of clinical judgement useful in preverbal children, considered more sensitive in diagnosing amblyopia than the Teller Acuity Cards in the presence of strabismus, 23 but it does not provide a quantitative measurement of interocular acuity difference. The reliability of fixation preference testing is good for diagnosing amblyopia accurately. 24, 25 On the other hand, recognition visual acuity is regarded as the standard criterion in the diagnosis of amblyopia useful in older children. The Glasgow Acuity Cards are designed according to the principles of the Bailey-Lovie acuity test (each line contains the same number of letters and the letter size decreases in a logarithmic fashion), with four letters in each size surrounded by a box, to provide horizontal and vertical contour interaction.
Methods

Subjects
The present study adhered to the tenets of the Declaration of Helsinki, and was approved by the institutional board. Informed consent was obtained from parents of children. Forty-one preverbal children (age range: 6-30 months), referred to us with the diagnosis of esotropia, were tested for monocular visual acuity using a concentric grating preferential-looking device, and the classic Teller Acuity Cards in random order, by a masked observer. The order of eye testing was also at random. Then, an ophthalmologist, masked to the results of the previous tests, completed the examination including fixation preference testing. Data recorded were obtained at referral or about 2 months after wearing glasses, when prescribed. Anisometropia X1 D of spherical equivalent or X1.5 D of astigmatism in any meridian (one infant), esotropia o10 prism dioptres or purely accommodative (one infant), organic disease of the eye or visual pathways (one infant), or uncooperative behaviour (five infants), were considered criteria for exclusion. These criteria were directed to select patients with strabismic amblyopia, excluding anisometropic amblyopia, patients with their eyes aligned while wearing glasses or visual loss due to organic disease. A difference in visual acuity between the two eyes was not required because the ability to discriminate different levels of interocular acuity difference was essential to the study. The study plan was to examine these infants 1-3 years later, when recognition visual acuity could be determined. Seventeen of the thirty-three children included could be tested again when they were verbal (age range: 40-48 months) after treatment of amblyopia and strabismus (recession-resection procedure in eight children, and symmetric bimedial recession in nine of them). In this subgroup follow-up exam, we used the same procedures and the Glasgow Acuity Cards test (log MAR crowded) in random order, by an observer masked to the results of the other tests. To evaluate fixation preference in the follow-up exam, the 10-prism dioptre fixation test had to be used in most of them, because deviations were smaller than 10 prism dioptres. Twenty-seven additional verbal children referred for the treatment of esotropia (age range: 39-48 months), not treated previously, underwent the same examination procedures. Exclusion criteria were identical, with one anisometropic and two uncooperative children excluded.
Fixation preference testing score
We classified fixation preference according to the following scale (adapted from Wright et al 24 ): 0: alternates fixation or holds well fixation with the nonpreferred eye for at least 5 s, through smooth pursuit or through a blink.
2: holds fixation briefly for 1-3 s. 4: unmaintained fixation or immediate refixation to the preferred eye.
The figures used in this scale are based on the estimated amblyopia depth that is usually associated to the above findings described in fixation preference, according to Wright et al.
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Description of the concentric grating apparatus
The apparatus consisted of a large grey cardboard screen (150 Â 75 cm) with a rectangular opening behind which stimulus cards could be held, and two grey side panels at an angle of 451 with respect to the screen. Fourteen grey cards (25 Â 50 cm) with one central aperture (3 mm peephole) and a circular grating on one side of the aperture were used (diameter of B3 cm, to subtend 1.71, ( Figure 1 ); a set with a diameter of 5.8 cm was also available, but not used in the present protocol). The concentric grating target size was chosen as five times the minimal angle of resolution of the lowest visual acuity value measurable by the test (1.5 cycles/deg, which in 1.71 means 2.65 cycles; that is, about five times the minimal angle of resolution, represented twice in each cycle). Michaelson contrast in the square wave gratings was 92.9% and their space average luminance was equivalent to the grey background luminance (B20 cd/m 2 ). Edge artefact surrounding the gratings was homogeneous, whereas in linear gratings changes occur depending on whether a black or white stripe is in each side. A blank grey card with only a central aperture was also available. At 1 m of testing distance, the range of acuity levels of the gratings varied from 1.3 to 0 log MAR (Snellen equivalents 0.05-1) in 1/3 octave steps.
Preferential looking procedures
During testing, the infant was held at 1 m from the centre of the display with one eye patched, in the concentric grating test. For the classic Teller Acuity Cards (Vistech Consultants Inc., Dayton, OH, USA), children were tested at 55 or 84 cm (luminance B23 cd/m 2 ). For both tests, we used the Dobson procedure, in which the observer did not know the absolute spatial frequency or the location of the stripes on the card. 21, 22 The observer had to decide whether the child could see the stripes, and if so, whether they were on the left or the right (by fixation, pointing or verbalization cues). The acuity recorded was the highest spatial frequency the observer judged the child could see.
In a group of five preverbal and five verbal children, we tested intraday repeatability and interday reproducibility (same observer) of the Concentric Gratings procedure. The former was achieved by taking two measurements 3 h apart, and the latter by repeating the measurement 3 days apart. The eyes were tested in a random order. Intraclass correlation for intraday concentric grating measurements was 0.83 (95% confidence interval (CI): 0.54-0.96), and for interday concentric grating measurements it was 0.79 (95% CI: 0.53-0.91).
Glasgow Acuity Cards procedure
We used a flip card format with four letters in each size surrounded by a box (Keeler Instruments Inc., Broomall, PA, USA) presented at 3 m. The child was instructed to show the letter on a key card, which was the same as the one the examiner was pointing to. Because each line contains four letters and the letter size decreases in logarithmic progression, every letter had a score of 0.025. The scoring system was based on log MAR (we did not subtract the log MAR score from unity, to allow comparison with the Teller Acuity Cards score). The Glasgow Acuity Cards was considered as the gold standard in verbal children.
Statistical analyses
We used the paired Student's t-test, repeated measures ANOVA, and repeated measures ANOVA multiple comparison of all pairs test (Tukey-Kramer test) for same group comparisons. Correlation coefficients (Spearman) were compared using the Hotelling formula for testing the difference between two dependent correlations as described by Glass and Stanley. 26 For calculations, we used NCSS/PASS software (Kaysville, UT, USA). 
Results
Measurements in preverbal children
The characteristics and variables measured in preverbal children included in the study are summarized in Table 1 .
Average interocular acuity difference obtained using the Concentric Gratings procedure (0.52 log MAR, 95% CI: 0.41-0.61) was higher than the average value obtained with the Teller Auity Cards (0.45 log MAR, 95% CI: 0.33-0.57). The difference between the two measurements was statistically significant (P ¼ 0.02, paired t-test, power: 92%). Average fixation preference testing score was 2.85 (95% CI: 2.34-3.35). The estimated correlation between Concentric Gratings interocular acuity difference and fixation preference testing score (0.7) was higher than correlation between Teller Acuity Cards interocular acuity difference and fixation preference testing score (0.49) ( Table 2 and Figure 2) . The difference between these two correlations was statistically significant (P ¼ 0.04, Hotelling formula). Using a score of at least 2 in fixation preference testing as criterion for amblyopia, sensitivity of Teller Acuity Cards was 79.3% (23 of 29 amblyopes detected), whereas sensitivity of Concentric Gratings was 96.5% (28 of 29 amblyopes detected). Both tests had a specificity of 50%.
Measurements in verbal children
Verbal treated children Seventeen of the children examined at the preverbal age were re-examined when they were verbal, after their amblyopia and strabismus had been treated. The characteristics of these children at re-examination are summarized in Table 3 .
Average interocular acuity differences obtained using the Concentric Gratings procedure, Glasgow Acuity Cards, and Teller Acuity Cards were, respectively, 0.23 log MAR (95% CI: 0.14-0.31), 0.22 log MAR (95% CI: 0.14-0.29), and 0.19 log MAR (95% CI: 0.11-0.27). When compared by repeated measures ANOVA, these average values were different at the limit of significance (P ¼ 0.05). In a repeated measures ANOVA multiple comparison of all pairs (Tukey-Kramer test), the result obtained with Teller Acuity Cards was significantly lower than that obtained with Concentric Gratings (P ¼ 0.04) and Glasgow Acuity Cards (P ¼ 0.04), but the latter two tests were not considered different (P ¼ 0.3). Average fixation preference testing score was 2.4 (95% CI: 1.44-3.35). Using a difference of at least 2 log MAR lines in Glasgow Acuity Cards as criterion for amblyopia, sensitivity of Teller Acuity Cards was 54.5% (six of 11 amblyopes detected), whereas sensitivity of Concentric Gratings was 90.9% (10 of 11 amblyopes detected). Specificity was 66.6% for the two tests.
The correlations between variables measured in treated verbal children are shown in Table 2 . The estimated correlation between interocular acuity difference measured with Concentric Gratings and Glasgow Acuity Cards was stronger than that measured with Teller Acuity Cards and Glasgow Acuity Cards. The difference between these two correlations was marginally significant (P ¼ 0.06, Hotelling formula). The Concentric Gratings procedure (interocular acuity difference) was also more strongly correlated with fixation preference testing score than Teller Acuity Cards (P ¼ 0.05, Hotelling formula). The correlation between fixation preference testing score and Glasgow Acuity Cards (interocular acuity difference) was 0.87 (95% CI: 0.64-0.95).
Verbal nontreated children
The characteristics of verbal children included in the study, not previously treated for strabismus or amblyopia, are listed in Table 4 .
Average interocular acuity differences obtained using the Concentric Gratings procedure, Glasgow Acuity Cards, and Teller Acuity Cards were, respectively, 0.36 log MAR (95% CI: 0.28-0.44), 0.39 log MAR (95% CI: 0.31-0.47), and 0.30 log MAR (95% CI: 0.23-0.39). When compared by repeated measures ANOVA, these average values were significantly different (P ¼ 0.002). In a repeated measures ANOVA multiple comparison of all pairs (Tukey-Kramer test), the result obtained with Teller Acuity Cards was lower than that obtained with Concentric Gratings (P ¼ 0.045, marginal significance), and Glasgow Acuity Cards (P ¼ 0.02), whereas the latter two measurements were not found to be different (P ¼ 0.2). Average fixation preference testing score was 2.9 (95% CI: 2.31-3.50). Using a difference of at least 2 log MAR lines in Glasgow Acuity Cards as criterion for amblyopia, sensitivity of Teller Acuity Cards was 57.1% (12 of 21 amblyopes detected), and that of Concentric Gratings was 90.4% (19 of 21 amblyopes detected). Specificity of the two tests was 66.6 and 83.3%, respectively.
The correlations between variables measured in nontreated verbal children are listed in Table 2 . The estimated correlation between interocular acuity difference measured with Concentric Gratings and Glasgow Acuity Cards was stronger than that between Teller Acuity Cards and Glasrgow Acuity Cards. The difference between these two correlations reached significance (P ¼ 0.045, Hotelling formula; Figure 3 ). The Concentric Gratings procedure (interocular acuity difference) was also more strongly correlated with fixation preference testing score than Teller Acuity Cards (P ¼ 0.04, Hotelling formula). The correlation between fixation preference testing score and Glasgow Acuity Cards (interocular acuity difference) was 0.72. Eye
Discussion
The use of a preferential looking small-sized concentric grating test in preverbal children improves in some degree estimation and detection of strabismic amblyopia. A direct comparison with a recognition visual acuity test cannot be made at the preverbal age. Fixation preference testing is reliable 24 and more sensitive than Teller Acuity Cards in diagnosing strabismic amblyopia, 23 which is usually underestimated by preferential looking, [1] [2] [3] [4] [5] [6] [7] particularly in cases with greater interocular acuity difference. 5 The main reason to test a different preferential looking design is that fixation preference does not provide a quantitative measurement of interocular acuity difference as recognition visual acuity does. The fixation preference testing score recorded is significantly better correlated with the Concentric Gratings than with the Teller Acuity Cards procedure in preverbal children (Figure 2) . Similarly, the Glasgow Acuity Cards is better correlated with Concentric Gratings than with Teller Acuity Cards in verbal children (Figure 3) .
It may be argued that the difference in average interocular acuity difference obtained with Concentric Gratings and Teller Acuity Cards cannot be considered of clinical significance, although statistical significance was reached (in part, due to the paired design and the high test-retest intraclass correlations). Yet, differences between the two methods are not required when two dependent correlations are compared, because this comparison elucidates which of the two methods correlates better with the gold standard, although they do not differ significantly, 26, 27 and therefore provides a better assessment of strabismic amblyopia. Using a 2 log MAR lines interocular acuity difference restrictive criterion to define amblyopia, sensitivity of the Concentric Gratings is above 90% at preverbal and verbal age, whereas specificity ranges between 50 and 83%. Concentric Gratings detect a higher percentage of strabismic amblyopes, as diagnosed by the gold standard tests than Teller Acuity Cards. It also improves identification of nonamblyopic children compared with classic linear gratings.
Measuring verbal children after treating amblyopia is of interest to compare tests under conditions of mild amblyopia (which adds to comparisons in preverbal and verbal untreated children with deeper amblyopia). In verbal children, it is more difficult to hold their attention, or they can move or obtain additional cues about the location of the gratings in preferential looking procedures.
Improvement in assessing strabismic amblyopia by the present grating visual acuity design may be attributed to several reasons. A reduction in target size (which impairs detection and results in a more foveal task), elimination of linear orientation preference (which influences perception differentially depending on pre-existing astigmatism or nystagmus), and finer gradation of steps, might explain in part this finding. The physiological basis of the improvement may also be related to the existence of specific cortical cells, which respond to concentric grating stimulus. The main affected site in strabismic amblyopia is the primary visual cortex, but V1 deficits alone cannot explain for impaired higher-order visual perceptual tasks observed in amblyopia. A great percentage of cells tested in macaque area V4, an intermediate stage of the visual hierarchy, respond significantly more to non-Cartesian than to Cartesian gratings. Among cells selective for non-Cartesian gratings, those that prefer concentric gratings are most common. Cells selective for non-Cartesian gratings may represent an important intermediate stage in pattern recognition. 19 A functional magnetic resonance imaging study demonstrated that the human area V4 is more strongly activated by concentric and radial patterns than by conventional sinusoidal gratings. 28 A recent report indicates that radial frequency concentric gratings stimuli are processed by a more foveal-dependent brain system operating at high luminance and contrast levels, unlike sine-wave gratings, which are processed by one working at low luminance and contrast levels. 29 A limitation of the present study is the relatively small size of samples, particularly in the previously treated verbal children. In this group, failure to complete followup and lengthening of the study caused losses. However, significance was reached in one of the two comparisons of dependent correlations reported in this group. In the two other groups, the power of the tests used was good with the number of subjects included. Recruitment of children with the required characteristics is less frequent than we guessed initially in a paediatric ophthalmology clinic.
The current study demonstrates enhanced assessment of strabismic amblyopia by the Concentric Gratings procedure (in which influence of several introduced changes is of notice) relative to classic linear preferential looking cards. It is conceivable that using some other different approaches in modifying the characteristics of preferential looking grating visual acuity tests, might further improve the ability to evaluate strabismic amblyopia in preverbal children. Additional studies are needed to corroborate this hypothesis.
